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By using deep-level transient spectroscopy 共DLTS兲, deep centers have been characterized in
unintentionally doped n-GaN samples grown by metalorganic chemical-vapor deposition and
subjected to inductively coupled plasma reactive ion etching. At least six DLTS traps exist in the
control sample: A1 共⬃0.90 eV兲, Ax 共⬃0.72 eV兲, B 共0.61 eV兲, C1 共0.44 eV兲, D 共0.25 eV兲, and E1
共0.17 eV兲, with B dominant. Then, as the etching bias-voltage increases from ⫺50 to ⫺150 V, trap
D increases strongly and becomes dominant, while traps A1 , C 共0.34 eV兲, and E1 increase at a
slower rate. Trap B, on the other hand, is nearly unchanged. Previous electron-irradiation studies are
consistent with the E1 traps being N-vacancy related. It is likely that the D traps are also, except that
they are in the regions of dislocations. © 2003 American Institute of Physics.
关DOI: 10.1063/1.1560562兴

plasma cleaning procedures. Schottky dots of 200 m and
large-area ohmic contacts, surrounding the dots, were fabricated on the surface using Ni and Ti/Al/Ti/Au metallizations,
respectively. A Bio-Rad DL4600 spectrometer with a
100-mV test signal at 1 MHz, and a Keithley 617 programmable electrometer were used to take I – V, capacitancevoltage (C – V), and DLTS data. The 300-K carrier concentration (n⬃N D ⫺N A ⬅N d ), obtained from C – V data, was
used to calculate trap concentrations from the well-known
equation N T ⫽2N d ⌬C/C, where ⌬C is the DLTS signal and
C the quiescent capacitance at the reverse bias (V b ) used in
the measurements. To determine the trap parameters 共activation energy E T and capture cross section  n ), DLTS spectra
were taken by using rate windows (e n ) ranging from 0.8 to
200 s⫺1. To indicate the bulk or surface nature of the plasmaetching-induced deep centers, the DLTS spectra were taken
using fixed V f and varied V b . In this method, the pulse
height V f was kept at ⫹0.5 V, while the V b were varied from
⫺3.5 to ⫺0.5 V. To determine if the deep traps might be
related to ‘‘line defects’’ due to the presence of threading
dislocations,4 DLTS spectra were measured by varying the
filling pulse width (W f ) from 0.2 to 100 ms.
Carrier concentrations in the control and plasma-etched
samples, determined by C – V measurements on several
SBDs for each sample, are somewhat nonuniform and can be
classified into two groups: higher n (⬃5⫻1016 cm⫺3 ) in
group I, and lower n (⬃2⫻1016 cm⫺3 ) in group II. All comparisons, presented subsequently, are made among samples
in the same group, since similar trends in plasma-etchinginduced changes can be found for samples in a given group.
However, there exist systematic differences in the relative
densities of observed traps in the two groups; that is, higher
trap B and lower trap E1 in group I and vice versa in group

GaN is an excellent material for fabricating devices,
which include heterojunction bipolar transistors, high mobility transistors, and thyristors for high-temperature and highpower applications. Due to GaN’s inert chemical nature and
high bond energies, it is resistant to most wet chemical
etchants, making device patterning mostly dependent on dry
etching. Plasma-etching damage has been studied mainly by
analyzing current–voltage characteristics of Schottky barrier
diodes 共SBDs兲 made on the damaged GaN surface, in conjunction with various etching and annealing conditions.1–3 It
is believed that the degraded I – V characteristics are associated with etching-induced defects, which, however, have not
yet been elucidated. In this work, we use deep-level transient
spectroscopy 共DLTS兲 to demonstrate that a well-known trap
is strongly enhanced in n-GaN by plasma etching. An important conclusion is that this trap must be defect related.
The plasma-etching technique used in the study is inductively coupled plasma reactive ion etching 共ICP-RIE兲, using
Cl2 /Ar gas chemistry. From a previous study, the etching
bias-voltage used in ICP-RIE was found to be the most significant cause of plasma-etching damage on the surface of
n-GaN. 3 In the present study, four unintentionally doped
n-type GaN samples were grown on sapphire by metalorganic chemical-vapor deposition 共MOCVD兲, with one used
as a control sample. Under an ICP coil power of 300 W,
chamber pressure of 3 mTorr, and gas flow rate of 15/5 sccm
of Cl2 /Ar, three samples were plasma-etched for 3 min at
bias voltages of ⫺50, ⫺100, and ⫺150 V, respectively. The
sample surface temperature during ICP was estimated to be
much less than 100 °C. Before etching, each sample was exposed to a pre-etch plasma cleaning for 20 s using standard
a兲
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FIG. 1. DLTS spectra for one control and three plasma-etched samples in
group II.

II 共not shown here兲. From 300–K I – V characteristics for the
group-I samples, ideality factors 共兲, extracted from the forward I – V curves, are very close to unity. However, Schottky
barrier heights (  b ) were found to reduce from 0.93 eV for
the control sample to 0.86 eV for the sample etched at ⫺150
V, which is consistent with the trend of  b reduction as a
function of etching bias-voltage, as reported in a previous
study.3 Although reverse currents for the samples are quite
low due to background doping levels only in the 1016 cm⫺3
range, they do increase with higher etching bias-voltages.
This increase is believed to be associated with defects
formed during the plasma etching. DLTS spectra for the
group-II samples, measured at a low V b of ⫺0.5 V 共note that
low V b is better for revealing traps at shallow depths兲, are
shown in Fig. 1. In the figure, we find that: 共i兲 there exist at
least six traps, A1 共⬃0.90–1.0 eV兲, Ax 共⬃0.72 eV兲, B 共0.61
eV兲, C1 共0.44 eV兲, D 共0.25 eV兲, and E1 共0.17 eV兲, which can
often be observed in GaN layers grown by other techniques;5
共ii兲 in the control sample, B is dominant and A1 , D, and E1
are observable; 共iii兲 as the etching bias-voltage increases, D
increases, but B is almost unchanged; and 共iv兲 by plasma
etching at ⫺150 V, A1 , C 共0.34 eV兲, D, and E1 are significantly enhanced, with D becoming a dominant trap, having a
trap density as high as 8.5⫻1014 cm⫺3 . In order to check
whether the enhanced traps are concentrated near the surface,
DLTS spectra were taken as a function of V b 共keeping V f
unchanged兲 for two plasma-etched samples in group I, as
pictured in Fig. 2. For sample 2, etched at ⫺50 V 关see Fig.
2共a兲兴, the peak heights of all the traps decrease as V b 共negative value兲 is reduced, indicating that they are bulk traps.
However, for sample 4, etched at ⫺150 V 关see Fig. 2共b兲兴, the
peak heights of A1 , C, and E1 increase as V b 共negative
value兲 is reduced, indicating that they are surface traps, related to damage caused by plasma etching. Using equations
developed earlier for characterizing near-surface traps,6 trap
B in sample 4 can be shown to be bulk 共i.e., extending from
the surface to a depth of more than 1500 Å兲, while trap E1
共surface兲 is concentrated only in the top 780 Å of the sample.
For detailed profiles of these various traps, DLTS spectra
should be measured using small increments of V f , keeping
V b fixed. Such profiling studies, for the control and heavily
etched samples, are in progress.

FIG. 2. DLTS spectra measured at different V b for 共a兲 sample 2 and 共b兲
sample 4 in group I.

Because of the high dislocation densities normally found
in thin MOCVD GaN samples, we anticipate that many of
the traps in such samples will behave as ‘‘line defects,’’ as
has been found in thin GaN layers grown by other techniques. Based on electron capture kinetics, such line defects
have been studied for many traps, including B, D, and E1 , in
thin GaN layers grown by molecular beam epitaxy 共MBE兲.4
For the four samples in group II, DLTS spectra were measured as a function of W f . A typical result, for sample 2, is

FIG. 3. DLTS spectra, measured using different W f , for sample 2 in group
II.
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FIG. 4. Logarithmic dependence of DLTS signal on filling pulse width for
trap D in group-II samples.

shown in Fig. 3, where we see that the peak heights of the
major traps, A1 , B, and D, continually increase with increasing W f , up to 100 ms. If the DLTS signals are plotted against
logarithmic W f , good straight lines can be obtained. Typical
results, as exemplified by trap D in each of the four samples,
are presented in Fig. 4. From the figure, we see that: 共i兲 a
nearly linear relationship between the DLTS signal ⌬C/C
共or n T ) and logarithmic W f holds for trap D in both the
control and plasma-etched samples; and 共ii兲 the slopes for the
lines do not change too much, within experimental uncertainty. According to a detailed study by Wosinski7 of a
dislocation-related electron trap 共a line-defect兲 in plastically
deformed n-type GaAs crystals, an increase in the slope of
the n T versus ln(W f ) lines means an increase in the density of
strain-related dislocations. Therefore, in our case, we believe
that the plasma treatments do not cause any meaningful increase in dislocation density, even under an etching biasvoltage of ⫺150 V. Trap D, with E T ⫽0.23– 0.27 eV and
 n ⫽(1 – 2)⫻10⫺15 cm2 , has been observed in thin GaN
layers by many groups, using various techniques, including
hydride vapor phase epitaxy 共HPVE兲,8 –10 MOCVD,11–13 and
MBE.14,15 Three of these studies are consistent with the
proposition that trap D is at least sometimes related to
threading dislocations. For example, the concentration of
trap D in HVPE GaN increases with increasing dislocation
density, corresponding to decreasing epilayer thickness.9,10
Furthermore, the concentration of trap E1 共similar to trap D兲
in MOCVD GaN increases with increasing concentration of
edge dislocations, as measured by the broadening of the
共102兲 Bragg peak as the buffer-layer growth rate is
reduced.13
We can summarize our major results as follows: 共i兲 trap
D and the other traps are bulk-like in the unetched sample;
共ii兲 trap D is greatly enhanced by plasma-etching at high
bias-voltages, but the additional trap-D concentration is
closer to the surface; 共iii兲 traps A1 , C, and E1 are also enhanced in the surface region; and 共iv兲 all of these traps behave as dislocation-related line defects. From previous

studies,5,16 we have shown that: 共i兲 two DLTS centers, E
共0.18 eV兲 and A2 共0.90 eV兲 can be induced in MOCVD GaN
by 1-MeV electron irradiation 共EI兲; and 共ii兲 the E center,
which actually consists of two components 共ED1 and ED2兲,
is related the nitrogen vacancy (VN), and the A2 center
might be related to the nitrogen interstitial (NI). In the
present study, four deep centers, A1 共similar to A2 ), C, D,
and E1 共similar to E兲, are significantly enhanced in the surface region of unintentionally-doped MOCVD GaN following ICP-RIE under high etching bias. We believe that all of
these centers are basically point defects, although sometimes
such defects can be aligned along dislocations. One of the
traps, E1 , might well be related to VN , because its activation
energy is very close to that of trap E, induced by EI. Trap D,
owing to its association with high dislocation density, could
be a complex of VN – VGa , as discussed in Ref. 10. Furthermore, trap C has been associated with RIE-induced surface
damage in free-standing GaN.6 It is also possible that trap A1
is related to NI as discussed in Ref. 5. The enhancement of
VN-related traps by ICP-RIE, found in this study, is consistent with the observation of a nitrogen-deficient near-surface
region in plasma-etched n-GaN, studied by Auger electron
spectroscopy.1 However, to substantiate these defect identifications, further DLTS studies on plasma-etched GaN layers,
grown by different techniques and with differing dislocation
densities, are needed.
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